Hierarchical alloy nanosheet dendrites (ANSDs) are highly favorable for superior catalytic performance and efficient utilization of catalyst because of the special characteristics of alloys, nanosheets, and dendritic nanostructures. In this paper, we demonstrate for the first time a facile and efficient electrodeposition approach for the controllable synthesis of Pd-Sn ANSDs with high surface area. These synthesized Pd-Sn ANSDs exhibit high electrocatalytic activity and superior long-term cycle stability toward ethanol oxidation in alkaline media. The enhanced electrocataytic activity of Pd-Sn ANSDs may be attributed to Pd-Sn alloys, nanosheet dendrite induced promotional effect, large number of active sites on dendrite surface, large surface area, and good electrical contact with the base electrode. Because of the simple implement and high flexibility, the proposed approach can be considered as a general and powerful strategy to synthesize the alloy electrocatalysts with high surface areas and open dendritic nanostructures. P t has been widely studied as electrocatalysts for the oxidation of small organic molecules, such as methanol and ethanol, for direct alcohol fuel cells (DAFCs) that are regarded as promising future power sources [1] [2] [3] . However, the high cost and limited supply of Pt constitute a major barrier to the wide application of Ptbased electrocatalysts [4] [5] [6] , and accordingly Pt-free electrocatalysts have attracted much interest 7 . It has shown that Pd is a promising electrocatalyst because it is much cheaper than Pt and is high electroactive for small organic molecule oxidation in basic media [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Meanwhile, the addition of a second element, such as transition metal Sn, to Pd can obviously improve the overall electrocatalytic activities of Pd because of the bimetallic promotional effect 18 . Besides the components, the sizes and surface morphologies of electrocatalysts are also crucial for their catalytic activities 19 . Recently, the tailored design and synthesis of Pd-based alloy electrocatalysts have attracted much attention because of their low cost and superior catalytic activities 20, 21 . Nanodendrites are an important class of materials that are highly attractive due to their high surface-area-tovolume ratio, high degree of connectivity, high porousness, and a large number of edges and corner atoms . In terms of their catalytical use, the organization of Pd-based materials into nanodendrites is highly attractive 26, 27 . Based on the reports in literatures 28 , most of the nanodendrites are constructed by nanoparticles (0D) or nanorods (1D), and the dendrites constructed by 2D nanosheets are not often reported, especially for Pd-based alloy materials. Compared with 0D and 1D nanostructures, the 2D nanosheets have much richer physical and chemical properties. For example, the relativistic nature of charge carriers in graphene nanosheets may lead to the breakthroughs in future electronic devices 29 . Therefore, the Pd-based alloy nanosheet dendrites (ANSDs) as new catalysts will attract much interest because of the special conjunct effects of alloys, nanosheets, and dendritic structures. However, up to now, it still remains a great challenge to find a method to fabricate the well defined Pd-based ANSDs.
Hierarchical alloy nanosheet dendrites (ANSDs) are highly favorable for superior catalytic performance and efficient utilization of catalyst because of the special characteristics of alloys, nanosheets, and dendritic nanostructures. In this paper, we demonstrate for the first time a facile and efficient electrodeposition approach for the controllable synthesis of Pd-Sn ANSDs with high surface area. These synthesized Pd-Sn ANSDs exhibit high electrocatalytic activity and superior long-term cycle stability toward ethanol oxidation in alkaline media. The enhanced electrocataytic activity of Pd-Sn ANSDs may be attributed to Pd-Sn alloys, nanosheet dendrite induced promotional effect, large number of active sites on dendrite surface, large surface area, and good electrical contact with the base electrode. Because of the simple implement and high flexibility, the proposed approach can be considered as a general and powerful strategy to synthesize the alloy electrocatalysts with high surface areas and open dendritic nanostructures. P t has been widely studied as electrocatalysts for the oxidation of small organic molecules, such as methanol and ethanol, for direct alcohol fuel cells (DAFCs) that are regarded as promising future power sources [1] [2] [3] . However, the high cost and limited supply of Pt constitute a major barrier to the wide application of Ptbased electrocatalysts [4] [5] [6] , and accordingly Pt-free electrocatalysts have attracted much interest 7 . It has shown that Pd is a promising electrocatalyst because it is much cheaper than Pt and is high electroactive for small organic molecule oxidation in basic media [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Meanwhile, the addition of a second element, such as transition metal Sn, to Pd can obviously improve the overall electrocatalytic activities of Pd because of the bimetallic promotional effect 18 . Besides the components, the sizes and surface morphologies of electrocatalysts are also crucial for their catalytic activities 19 . Recently, the tailored design and synthesis of Pd-based alloy electrocatalysts have attracted much attention because of their low cost and superior catalytic activities 20, 21 . Nanodendrites are an important class of materials that are highly attractive due to their high surface-area-tovolume ratio, high degree of connectivity, high porousness, and a large number of edges and corner atoms 22 . These characteristics make the nanodendrites highly useful for a number of applications including catalysis 23 , chemical sensing 24 , and surface enhanced Raman scattering 25 . In terms of their catalytical use, the organization of Pd-based materials into nanodendrites is highly attractive 26, 27 . Based on the reports in literatures 28 , most of the nanodendrites are constructed by nanoparticles (0D) or nanorods (1D), and the dendrites constructed by 2D nanosheets are not often reported, especially for Pd-based alloy materials. Compared with 0D and 1D nanostructures, the 2D nanosheets have much richer physical and chemical properties. For example, the relativistic nature of charge carriers in graphene nanosheets may lead to the breakthroughs in future electronic devices 29 . Therefore, the Pd-based alloy nanosheet dendrites (ANSDs) as new catalysts will attract much interest because of the special conjunct effects of alloys, nanosheets, and dendritic structures. However, up to now, it still remains a great challenge to find a method to fabricate the well defined Pd-based ANSDs.
Based on the above considerations, we synthesized Pd-Sn ANSDs with low Pd content via electrodeposition, which has the following merits: (i) the second metal element, such as Sn, can be easily co-deposited with Pd to form Pd-Sn alloys, (ii) the Pd-Sn ANSDs are easily synthesized, and various Pd-Sn alloy dendrites can be well controlled, (iii) the Pd-Sn ANSDs can directly grow on conductive substrate in a good solid contact that can largely enhance the conductivity. The Pd-Sn ANSDs are ideally suited for high efficient electrochemical reactions because they have large surface areas, large number of edges and corner atoms, continuous nanosheet networks, and numerous pores. The results reported in this paper prove that the fabricated Pd-Sn ANSDs exhibit remarkable electrocatalytic activity for ethanol oxidation. This study will be highly interest and important for the development of low-cost Pd-based alloy electrocatalysts.
Results SEM images of the synthesized Pd-Sn ANSDs are shown in Figures 1(a-b) , which show the symmetrical dendritic nanostructures were fabricated. The leaf-like nanosheets are well aligned on both sides of stems. The thicknesses of these nanosheets are about 50 nm, and their lengths are in the range of 10,12 mm. The overall lengths of Pd-Sn ANSDs are about 100,150 mm. The continuous networks and highly porous structures are clearly seen in Pd-Sn ANSDs, and they will provide fast charge transfer and electroactive species transport, respectively, which will lead to the excellent catalytic activity for these materials. The elements of Pd and Sn are clearly seen in EDS spectrum in Figure S2a , which shows Pd content in PdSn ANSDs is as low as 11.36 at%. The Pd-Sn alloy phases are seen in XRD pattern in Figure S2b , which shows the successful synthesis of Pd-Sn alloys. In addition, a small peak of SnO is detected, and this may be attributed to the partial oxidation of Sn. The electronic structure of the surface of Pd-Sn ANSDs is evaluated by XPS spectra ( Figure S3a ). The Pd 3d levels of Pd-Sn ANSDs exhibit binding energies of 340.80 eV (3d 3/2 ) and 335.55 eV (3d 5/2 ), which are positively shifted ,0.4 eV compared with those of Pd metal (340.40 eV (3d 3/2 ), 335.15 eV (3d 5/2 )) 30 . This result implies that the addition of Sn has an influence on the electronic structure of Pd in Pd-Sn ANSDs. Figure S3b shows the Sn 3d regions of Pd-Sn ANSDs. The peak centered at 485.0 eV, in agreement with the literature data 31 , can be assigned to a ''quasimetallic'' Sn species with a binding energy slightly greater than that of pure metal Sn. The above results comfirm the electron interactions involving Pd and Sn atoms within Pd-Sn ANSDs. Considering the applied potentials in this study, the peak at 486.9 eV in XPS spectrum can be assigned to Sn 21 species 32 , which comes from the partial oxidation of Sn (SnO). This is in accordance with the result of XRD.
TEM images of the typical branch in Pd-Sn ANSDs are shown in Figures 1(c-d) , which also show leaf-like nanosheets are orderly aligned on both sides of the stem. HRTEM image was measured as shown in Figure 1e , which displays the lattice fringes of a typical nanosheet in Pd-Sn ANSDs, indicating the nanosheet possesses polycrystalline structure. These interplanar spacings in Figure distance of PdSn 2 phase, respectively. The SAED pattern is shown in Figure 1f , which also shows the polycrystalline structure of Pd-Sn alloy nanosheet. The EDS maps were measured to study the elemental distributions of Pd and Sn metals in dendrites. The images in Figure 1d (insets) reveal that the contents of Pd and Sn in stem areas are much higher than those in branch areas, which may be attributed to the longer growth time of stems than that of branches. The elemental distributions in stem and branch areas are uniformly dispersed, respectively. As we all know, the elemental distribution represents the particle distribution 33 . So the above results indicate highly dispersed Pd-Sn alloy nanocrystals in dendrites, which will provide plenty of interface areas with high electroactive sites.
To understand the growth process of Pd-Sn ANSDs, various PdSn alloy samples were fabricated in solution of 0.02 M SnCl 2 Figure 2d . From these SEM images, one can figure out that there is a tendency that Pd-Sn alloy nanostructure grows more and more complex. At the initial formation stage, the irregular nanoparticles are usually produced. With evolution process going along, the Pd-Sn alloy nanoparticles will become rod-like nanostructures with small sawtoothes and gradually form the larger dendritic nanostructures.
TEM measurements also support the proposed formation process of Pd-Sn ANSDs. As shown in Figure 3a , Pd-Sn alloy nanorods with small sawtoothes are formed in the early growth stage of nanodendrite. Then Pd-Sn nanodendrites are evolved as shown in Figure 3b . The single-crystal structure of stem is proved by HRTEM image as shown in Figure 3c , which proves the formation of stem in the early growth stage is induced by anisotropic growth of nuclei. HRTEM image in Figure 3d shows the branch in Pd-Sn ANSDs is polycrystalline, and accordingly the growth of branch may be attributed to nuclei moving in random walk trajectories and sticking on a seed particle with tips growing preferentially 34, 35 . Based on the above results of CV, SEM and TEM, the steps involved in seeding growth of Pd-Sn ANSDs are illustrated in Figure 4 , and the formation mechanism is expressed as follows. Pd 21 and Sn 21 ions in solution are firstly electroreduced, and then Pd-Sn alloys will be immediately formed by electrochemical mixing the reduced Pd and Sn atoms. The electrodeposition generally gives rise to the isolated nuclei on substrate, and these nuclei are randomly and uniformly distributed (Figure 2a) . With deposition time going along, the isolated nuclei will evolve to Pd-Sn alloy nanorods with small sawtoothes (Figure 2b ) that will act as growth centers or 35, 36 . These structures follow an adapted diffusion-limited growth pattern model, where particles move in random walk trajectories and anisotropically stick on a seed particle with tips growing preferentially. So the subsequent growth of Pd-Sn alloy crystals would preferentially deposit on the preformed nuclei rather than on the substrate surface, which is possibly due to the relatively high activation energy for surface reaction 36, 37 . In other words, in following electrochemical reduction process, the newly deposited Pd-Sn alloy nuclei will act as the local cathode 36 . When the seeds reach certain size (about 500 atoms), the electroreductions of Pd 21 and Sn 21 ions will be accelerated through the autocatalytic reduction process, which would be facilitated to a highly anisotropic mode to form dendritic feelers on the surface of each cluster 37 . In the end, the integrated Pd-Sn ANSDs will be synthesized through the gradual and continued electrodeposition of Pd-Sn alloys onto the deposited nuclei (Figures 2c and 2d) . The diffusion-limited aggregation model is evidenced by structural dependence of dendrite on the temperature as studied by comparing SEM images of Pd-Sn alloy deposits at 90, 60, and 25uC ( Figure S4 ). Pd-Sn alloy nanoparticles (ANPs) are produced at 90 and 60uC, while the dendrites are produced at 25uC. With temperature decreasing, the diffusion rate of ions in solution becomes slower, and this leads to the anisotropic growth of Pd-Sn NSDs at 25uC because of the diffusion-limited aggregation.
Discussion
The nanosheet dendrite structure endows the synthesized Pd-Sn NSDs with some advantageous properties: large electrochemically active surface area (EASA) and porous structures, which are desired in their catalytic applications. The EASA of Pd-Sn ANSDs (Pd loading is 196 mg/cm 2 ) was studied based on hydrogen adsorption using cyclic voltammetry measurement. Figure 5a shows CV of Pd-Sn ANSDs and ANPs in the deaerated H 2 SO 4 solution (0.5 M) at 50 mV/s. Compared with Pd-Sn ANPs (Pd loading is 221 mg/cm 2 , SEM image is shown in Figure S5 ), Pd-Sn ANSDs exhibit much larger adsorption/desorption peaks although they have lower Pd loading, indicating much larger EASA for Pd-Sn ANSDs. The above results also indicate higher proportional Pd is electrochemically available on the surfaces of Pd-Sn ANSDs than on the surfaces of Pd-Sn ANPs, and accordingly such Pd-Sn ANSDs largely increase the electrtoactive sites. In addition, compared with Pd-Sn ANPs, the Pd-Sn ANSDs can highly improve the transmission of electron and the diffusion of electroactive species because of their nanosheet networks and porous structures.
In order to illuminate superior catalytic properties and potential applications of the synthesized Pd-Sn ANSDs, the comparison of electrochemical properties of Pd-Sn ANSDs and Pd-Sn ANPs was performed. CV curves of Pd-Sn ANSDs vs ANPs were measured in solution of 1.0 M C 2 H 5 OH 1 1.0 M KOH at 50 mV/s as shown in Figures 5b(1) and 5b(3) , respectively. For Pd-Sn ANSDs, the onset potential of ethanol oxidation is about 20.474 V, which is 57 mV more negative than 20.417 V obtained on Pd-Sn ANPs, indicating a significant enhancement in the kinetics of ethanol oxidation on PdSn ANSDs. The mass specific peak current densities on Pd-Sn ANSDs and ANPs in positive-going potential scan are 576 and 8.52 mA mg 21 Pd , respectively, and accordingly the Pd-Sn ANSDs exhibit ,67 times higher catalytic activity than Pd-Sn ANPs. The above results show Pd-Sn ANSDs own much higher catalytic activity than Pd-Sn ANPs. In addition, the Pd-Sn ANSDs exhibit ,1.33 times higher catalytic activity than the commercial Pd/C catalyst (JM) and ,8.8 times higher catalytic activity than Pd nanowire arrays reported in literature 9 . Figure S6 shows the chronoamperometric curves of , in the early stage, the potential keeps stability with polarization time increasing as shown in Figure 6a . Once the active sites are blocked by ethanol by-products formed during the oxidation, they will lose activity, and in order to maintain the applied current (7.5 mA/cm 2 ), the electrodes are shifted to high potentials where the oxygen evolution reaction takes place 37 . The sustained stability time of Pd-Sn ANSDs is about 10214s, which is longer than 8604 s for Pd-Sn ANPs. Moreover, the polarization potential of Pd-Sn ANSDs are lower than that of Pd-Sn ANPs. When current density is increased to 10 mA/cm 2 , PdSn ANPs were poisoned immediately, but Pd-Sn ANSDs exhibit much longer sustaining stability time as shown in Figure 6b . Therefore, Pd-Sn ANSDs show much higher ability for counteracting catalyst deterioration and much higher stability than Pd-Sn ANPs.
In order to evaluate the rate of surface poisoning Pd-Sn ANSDs, the CO stripping experiments on Pd-Sn ANSDs vs Pd-Sn ANPs in solution of 1.0 M KOH at 50 mV/s are carried out and the results are shown in Figures 7a and 7b , respectively. The onset potential of CO oxidation on Pd-Sn ANSDs (20.33 V) is obviously more negative than that on Pd-Sn ANPs (20.13 V) and is also more negative than that on Pd/C catalyst (20.19 V) 38 . This means that Pd-Sn ANSDs can facilitate the removal of CO from the surface of catalyst. This result is favorable to explain higher catalytic activity of Pd-Sn ANSDs for ethanol electrooxidation than Pd-Sn ANPs and Pd/C catalyst. In addition, after CO stripping, the adsorption/desorption peaks of hydrogen are clearly seen for Pd-Sn ANSDs and CO adsorption peak is almost not observed as shown in Figure 7a . However, for Pd-Sn ANPs, the CO adsorption peak is still seen after CO stripping, and the adsorption/desorption peaks of hydrogen are almost not seen as shown in Figure 7b . Therefore, compared with Pd-Sn ANPs, the PdSn ANSDs exhibit great ability to overcome CO poisoning during ethanol electrooxidation.
Here we also examined the effects of surface morphologies of PdSn alloy nanodendrites on the electrocatalytic activity for the ethanol electrooxidation reaction. In this study, three kinds of typical Pd-Sn alloy dendritic nanostructures were compared, namely, Pd-Sn ANSDs, Pd-Sn alloy nanoparticle dendrites with nanoparticle sizes of 150,200 nm (Pd-Sn ANPDs-1), and Pd-Sn alloy nanoparticle dendrites with nanoparticle sizes of ,75 nm (Pd-Sn ANPDs-2), and their SEM images are shown in Figure 1 , Figure S7 , and Figure  S8 depend strongly on the structure of nanodendrites. In the case of PdSn ANSDs, the relatively large gaps or pores between nanosheets can act as the high effective transportation channels to and from the electrode/electrolyte interface for the liquid fuel and products formed during the electrooxidation of ethanol. In addition, the special thin nanosheet structures in nanodendrites can provide faster electron transmission and higher utilization rate of electrocatalyst. These superior characteristics appear to be supported by the high electrocatalytic activity of Pd-Sn ANSDs electrode in comparison to those of Pd-Sn ANDs-1 and ANPDs-2 electrodes.
In summary, a rapid and efficient electrodeposition route to synthesize the low-cost Pd-Sn ANSDs with superior performance was developed. The high electrocatalytic activities of Pd-Sn ANSDs can be attributed to the special conjunct effects of Pd-Sn alloys, special effects of 2D nanosheets, and dendritic structure-induced promotional effects (such as large specific surface area, fast charge transmission, high transport rate of active species, and large number of edges and corner atoms). Given their low cost and ease to fabricate in large-area, the Pd-Sn ANSDs as catalysts with high performance hold promise for DAFCs in the future. In addition, Pd-Sn ANSDs are also expected to possess other scientific and technological applications, such as surface plasmon-related research topics, design of novel chemical sensors, and much more.
Methods
Electrodeposition of Pd-Sn alloys was studied by cyclic voltammograms (CVs) as shown in Supporting Information, and it has been proved to be an efficient route for the fabrication of Pd-Sn alloys. The electrochemical deposition of bimetallic Pd-Sn alloy electrocatalysts with dendritic nanostructures was carried out in solutions of 0.01 M SnCl 2 4 COONa, respectively, on Ti substrates by galvanostatic electrolysis at room temperature. A simple three-electrode cell was used in our experiments. A graphite electrode was used as a counter electrode (spectral grade, 1.8 cm 2 ). A saturated calomel electrode (SCE) with a double salt bridge system was used as the reference electrode that was connected to the cell. All potentials used in electrodeposition were the values vs SCE. A pure Ti plate (99.99%, 1.0 cm 2 ) was used as working electrode. Before electrodeposition, Ti substrate was cleaned ultrasonically in 0.1 M HCl, distilled water, and acetone and then rinsed in distilled water again.
The surface morphologies of Pd-Sn alloy nanosheet dendrites (ANSDs) were characterized by field emission scanning electron microscopy (FE-SEM, JSM-6330F) and transmission electron microscope (TEM, JEM-2010HR). The deposits were also characterized by X-ray diffraction (XRD, PIGAKU, D/MAX 2200 VPC) to determine deposit structures. Chemical-state analysis of deposits was carried out by X-ray photoelectron spectroscopy (XPS) using an ESCALAB 250 X-ray photoelectron spectrometer. All XPS spectra were corrected using the C 1s line at 284.6 eV. Curve fitting and background subtraction were accomplished.
The electrocatalytic properties of the fabricated Pd-Sn ANSDs were studied in a standard three-electrode cell at room temperature. The Pd-Sn ANSDs grown on Ti substrate served as working electrode. A Pt foil served as the counter electrode (1.0 cm 3 1.5 cm). A saturated calomel electrode (SCE) with a double salt bridge system was used as the reference electrode, and the potentials used in this study were the values vs SCE. Cyclic voltammetry (CV) measurements were carried out on a CHI 660C electrochemical workstation (CH instruments, Inc.). Before CV measurements, the Pd-Sn ANSDs were cleaned again by sequentially washing with acetone, ethanol, and water to remove the stabilizing agents on the surfaces. CV curves were recorded between -0.80 and 0.20 V vs SCE at 50 mV/s. The chronoamperometric and chronopotentiometric curves were also measured by using a CHI 660C electrochemical workstation. For the above electrochemical tests of ethanol oxidation reactions, an aqueous solution containing 1.0 M C 2 H 5 OH 1 1.0 M KOH was used. Prior to all experiments, the electrolyte solution was purged with high purity nitrogen gas for 60 min. All electrochemical measurements were carried out at room temperature.
